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FOREWORD

This report presents the results of one of a series of experiments that investigated driver perfor-
mance in a generic Automated Highway System configuration. The experimental research was
conducted in an advanced driving simulator and investigated the effects on normal driving of
traveling under automated control for about 30 min. Traveling under automated control did not
have an adverse effect on lane keeping and speed control. But, the minimum following distance
and the minimum size of gaps rejected in lane incursions (incomplete lane changes) may have
decreased as the result of automated travel. This report will be of interest to engineers and re-
searchers involved in Intelligent Transportation Systems and other advanced highway systems.

Sufficient copies of the report are being distributed to provide a minimum of two copies to each
FHWA regional and division office, and five copies to each State highway agency. Direct distri-
bution is being made to division offices.
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This document is disseminated under the sponsorship of the Department of Transportation in the
interest of information exchange. The United States Government assumes no liability for its con-
tents or use thereof. This report does not constitute a standard, specification, or regulation.

The United States Government does not endorse products or manufacturers. Trade and manufac-
turers’ names appear in this report only because they are considered essential to the object of the
document.
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SECTION 1.  INTERDUCTION AND OVERVIEW

INTRODUCTION

Currently, a great deal of attention is being focused on the possibility of using advanced tech-
nologies to develop an Automated Highway System (AHS), which would allow hands-ff/feet-
off travel in one’s own vehicle.  Human factors issues related to potential implementation of
an AHS are being explored in an ongoing, two-stage program that is being conducted for the
Federal Highway Administration (FHWA).  In the first stage of the program, seven
experiments were conducted using the Iowa Driving Simulator.  In the second stage, seven
additional experiments were conducted, with the first five of them being run together.  This
report presents the results of the third, fourth, and fifth experiments of the second stage of the
program.

The experiments reported here, like all those conducted in stage I, used an AHS configuration
that would require little structural alteration to the roadways.  It consists of a three-lane
expressway in which the left-most lane is reserved for automated traffic that travels in strings
of up to four vehicles, while the vehicles that remain under the control of their drivers travel
in the center and right lanes.  With this configuration, the center lane is also used by vehicles
that are in the process of moving into or out of the automated lane— there is no dedicated
transition lane to and from the AHS lane.  Also, there are no barriers between the automated
and unautomated lanes.

The experiments conducted in stage I of the program investigated the following:

• The transfer of control from the AHS to the driver of the simulator vehicle as the
vehicle left the automated lane. (1)

• The transfer of control from the driver to the AHS as the simulator vehicle entered
the automated lane. (2,3)

• The acceptability to a driver in the automated lane of decreasing vehicle
separations as a vehicle entered the automated lane ahead of the driver. (4)

• The effectiveness of the driver when he/she was required to control the steering
and/or speed when traveling through a segment of the expressway in which the
capability of the AHS was reduced.(5)

• The effect on normal driving behavior after traveling under automated control for
very brief periods of time. (6)

The five of stage II experiments were run together in a single combined experiment.  These
experiments examined:
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• The behavior of the driver during the time that his/her vehicle was traveling under
automated control (experiment 1).

• The kind of information that the driver wanted to have available when his/her vehicle
was traveling under automated control (experiment 2).

• The effect on normal driving behavior after traveling under automated control for an
extended period of time (experiment 3).

• The effect on normal driving behavior when different gap sizes between the driver’s
vehicle and the vehicle ahead during travel under automated control were used
(experiment 4).

• The effect on normal driving behavior when different methods by which control was
transferred from the automated system to the driver were used (experiment 5).

The results of the first two experiments are reported elsewhere.(7)  The remaining three

experiments, which all focus on the effect on normal driving behavior of traveling in an automated

highway system, are addressed in this report.

THE EFFECTS OF TRAVELING IN AN AUTOMATED HIGHWAY SYSTEM

Two previous studies in this series of experiments provided some information about the possible

carryover effects of traveling under automated control, although in both of those studies the

drivers traveled under automated control for only brief periods of time.

In the first of these studies, Bloomfield, Buck, Carroll, Booth, Romano, McGehee, and North

investigated the transfer of control from the AHS to the driver when the driver’s vehicle was  leav-

ing the automated lane.(1)  After traveling in the automated lane for 2 to 3 min, each driver re-

sumed control of the simulator vehicle while it was still in the automated lane, traveling at the

designated AHS velocity.  On taking control, the driver was responsible for moving from the

automated lane to the center lane.  Bloomfield et al. found that the driver decelerated before

moving the vehicle into the center lane, and that the velocity to which the driver decelerated varied

as a function of the designated AHS velocity.  When the designated AHS velocity was 104.7 km/h

(65 mi/h), the driver reduced the speed of the vehicle to 91.5 km/h (56.8 mi/h) before moving

from the automated lane to the center lane, i.e., the driver decelerated until the speed of the vehicle

approximated the speed limit, which was 88.6 km/h (55 mi/h) in the unautomated lanes.  In

contrast, when the driver was reducing speed from the higher designated AHS velocities, the

driver left the automated lane traveling at speeds that were considerably higher than the speed

limit.  When the designated AHS velocity was 128.8 km/h (80 mi/h), the driver left the

2



automated lane at 104.4 km/h (64.9 rn.ih), and when the designated AHS velocity was

153.0 km/h (95 mi/h) he/she left the automated lane at 109.8 km/h (68.9 mih).

The second study (Bloomfield, Christensen, and Carroll) directly investigated the effects on driv-

ing performance of brief periods of travel under automated control. @J However, in this study,

the driving-performance data equivalent to those obtained in the early study, i.e., driving-

performance data obtained during the period in which the driver was decelerating immediately

after leaving the automated lane, were not examined. Instead, the experiment focused on the

driver’s performance after he/she had achieved a stable cruising speed. Bloomtleld, Christensen,

and Carroll found that there was no decrement in steering performance after the driver had

experienced a relatively limited amount of travel under automated control.(6J They also found

that, although there was less velocity drift when the driver was in the center lane after traveling

under automated control, there was more velocity instability and there were fewer velocity

fluctuations. This means that, in order to maintain a chosen velocity before traveling in the AHS,

the driver made more frequent smaller velocity corrections. In contrast, in order to maintain a

velocity after traveling in the AHS, the driver made less frequent, larger velocity corrections.(@

Bloomtield, Christensen, and Carroll suggested that traveling under automated control for an

extended period may cause the driver to become less attentive to speed.@) The current combined

experiment explored this possibility.

As in the two earlier experiments, there was one experimental session for each driver in this ex-

periment. However, in this session, there was only one trial. This trial lasted approximately 1 h,

and in it the driver traveled in the automated lane for an extended period of time.

When the trial began, the driver’s car was positioned on the entry ramp of an expressway. The

driver’s task was to drive into the right lane of the expressway, move to the center lane, and,

when instructed, transfer control of the car to the automated system. On taking control, the AHS

drove the simulator vehicle into the automated (left) lane and moved it to the last position in a

string of automated vehicles. Then, the vehicle traveled under automated control for at least

35 min. During this period, the fust two experiments were conducted: the behavior of the driver

was videotaped, and various types of information about the trip and of potential interest to the

driver were made available on a laptop computer mounted in the car.

Forty-eight drivers participated in the combined experiment: 36 were in the experimental groups

and 12 were in the control group. The three combined experiments reported here investigated the

effects on normal driving performance of traveling under automated control, varying the gap
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between the driver’s car and the vehicle ahead, and varying the method by which control was

transferred back to the driver. Driving-performance data were obtained in two data-collection

periods, the first of which occurred relatively early in the trial, the second of which occurred rela-

tively late, Table 1 shows the timeline for the two groups. For the drivers in both the control

and experimental groups, the early data-collection period (which lasted 9.5 rein) started after a

5-rnin practice driving period that began the trial. The late data-collection period lasted 9.0 tin

and started when drivers in the experimental group regained control of their vehicles after having

been under automated control for at least 35 min.

Table 1. Trial timeline.

Len gth of Time Experimental-Group Activity Control-Group Activity

Trial start Car on expressway entry ramp Car on expressway entry ramp

9.5 rnina Driver drove onto expressway, Driver drove onto expressway,

Early data-collection drove in right and center lanes drove in right and center lanes

period

About 1 tin MIS took control in center lane Driver drove in right and center

and drove car into left lane; car lanes

became last in a string

At least 35 min Car under automated control Driver drove in right and center

lanes

About 1 min AHS drove car into center lane Driver drove in right and center

and released control to driver lanes

About 9 tin Driver drove in center and right Driver drove in right and center

Late data-collection lanes lanes

period

a Minutes O through 5 were for driver practice; no data were analyzed for that time period.

While the driver’s car was in the automated lane, it traveled at a velocity of 104.7 km/h

(65 rni/h), i.e., 16.1 krnih (10 mi/h) faster than the speed limit in the unautomated lanes. During

this period, the gap between the driver’s car and the vehicle immediately ahead in the string of

automated vehicles was much smaller than the following distances usually chosen by a driver in

normal driving-gap sizes of 0.0625s and 0.0344s were used. In addition, three methods of
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transferring control from the AHS to the driver were investigated: (1) the driver gained control

of the speed f~st and then steering control, (2) the driver gained control of the steering first and

then speed, and (3) the driver gained control of the speed and steering simultaneously. Objective

driving-performance data were collected during the periods of time that the driver was in control

of the vehicle before and after traveling in the AHS. Subsequently, the pre-AHS and post-AHS

data of the drivers in the experimental groups were compared with the driving-performance data

obtained from the drivers in the control group to examine whether the experience of traveling in

an automated lane had an impact on manual driving behavior.

OBJECTIVES OF THIS EXPERIMENT

The objectives of the combined experiments were:

● To determine whether driving behavior would be affected by traveling for an ex-

tended period of time under automated control at a speed greater than the speed limit

and with a much-shorter-than-usual distance between the driver’s car and the vehicle

immediately ahead.

s To determine the effect on the driver’s post-AHS behavior of varying the distance be-

tween the driver’s car and the vehicle immediately ahead while the driver was travel-

ing in the automated lane for an extended period of time.

“ To determine the effect on the driver’s post-AHS behavior of varying the method of

transferring control from the AHS back to the driver as hisher vehicle left the auto-

mated lane.

To achieve these objectives, driving-performance data were obtained from the drivers in the

experimental groups both before and after they traveled under automated control, and from the

drivers in the control group in two data-collection periods that occurred early and late in the trial.

The analyses of these data focused on the following experimental questions:

● Does traveling under automated control for an extended period of time have

an immediate eflect on post-AHS dn”ving pe~onnance ?

● Does traveling under automated control for an extended period of time have a

prolonged eflect on post-AHS driving pe~onnance ?
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Does the age of the driver afect the driver’s peifonnance afier he/she has

traveled under automated control for an extended period of time ?

Does the method of transferring control back to the driver afier he/she has

traveled in the automated lane for an extended period of time afiect post-AHS

driving performance?

Does the gap between the vehicle ahead and the driver’s vehicle (i.e., intra-

string gap), while traveling in the automated lane for an extended period of

time, aflect post-AHS driving perjonnance ?
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SECTION 2. METHOD

SUBJECTS

Forty-eight drivers participated in this study. Twenty-four drivers were between the ages of 25

and 34. The remaining 24 drivers were at least 65 years old, with 12 between 65 and 69, and 12

age 70 or older. Half of the drivers in each age group were male, and half were female. The

drivers were volunteers recruited through advertisements in the Iowa City and University of Iowa

daily newspapers who met the following selection criteria:

● They had no licensing restrictions, other than wearing eyeglasses for vision correction

during driving.

“ They did not require special driving devices (the simulator is not equipped for such

devices).

● They were medically screened to ensure good physical and mental condition.

Thirty-six drivers, 18 younger and 18 older, were assigned to the experimental groups. The

remaining six younger and six older drivers were assigned to the control group.

THE IOWA DRIVING SIMULATOR

The Iowa Driving Simulator, located in the Center for Computer-Aided Design at the University

of Iowa, Iowa City, is shown in figure 1.@J The physical configuration consists of a domed en-

closure mounted on a hexapod motion platform. The hexapod motion system employs 3.7-m-

(60-inch-) stroke hydraulic actuators to induce six-degree-of-freedom motion cues to the driver.

The motion system is capable of inducing correlated motion up to 5 Hz, vibration noise up to

8 Hz, and accelerations exceeding 1.0 g.

In this experiment, a Ford Taurus sedan was mounted on the motion platform, and the simulator

was controlled by a computer complex that included a Harris Nighthawk 5800 and an Evans and

Sutherland ESIG 2000 Computer Image Generator (CIG). The Nighthawk was controlled by the

ICON operating system.@) The Nighthawk was responsible for arbitrating subsystem scheduling

and performing motion control, data-collection operations, instrumentation, control loading, and

audio cue control. It also performed the multibody vehicle dynamics and complex scenario-con-

trol simulation.

7



Figure 1. The Iowa Driving Simulator.
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The inner walls of the dome act as a screen. For the current experiment, the correlated images

generated by the CIG were projected onto two sections of these walls: one a 3.32-rad ( 190°)

section in front of the simulator vehicle, the other a 1.13-rad (65°) section to its rear. The driver

of the simulator vehicle viewed the images shown on the forward section through the windshield

and side windows, and the images projected to the rear through an interior rear-view mirror,

through a left side exterior driving mirror, or by turning around and looking through the back

window.

.

DATA-COLLECTION PERIODS

Driving-performance data were obtained from 48 drivers, each of whom traveled on a simulated

journey of approximately 1 h. The experience of the drivers in the experimental groups was con-

siderabley different horn that of the drivers in the control group. For the 36 drivers who were in

the experimental groups, the journey was divided into three sections: a pre-AHS, an AHS, and a

post-AHS portion. The remaining 12 drivers, who were in the control group, retained control of

the vehicle throughout the journey. Table 2 shows the timeline for the two groups.

The first 5 min of the journey were treated as practice for all 48 drivers-no driving-performance

data were collected in this period. Then, at the beginning of the sixth minute of the trial, the first

driving-performance data collection began: this was the early data-collection period. For the

drivers in the experimental group, these pre-AHS driving-performance data were collected from

the beginning of the sixth minute until the AHS issued a message requesting the driver to move

into or stay in the center lane. Driving-performance data were collected from the drivers in the

control group for the same time period.

Then, in the central portion of the trial, for the drivers in the experimental groups the simulator

vehicle was in the automated lane under the control of the AHS for at least 35 min. For the

drivers in the control group, the central portion of the trial lasted for 35 tin, but they remained in

control of their vehicles throughout this period.



Table 2. Trial timeline.

Len gth of Time Experimental-Group Activity Control-Group Activity

Trial start Car on expressway entry ramp Car on expressway entry ramp

9.5 mina Driver drives onto expressway, Driver drives onto expressway,

Early data-collection drives in right and center lanes drives in right and center lanes

period

About 1 rnin AHS takes control in center lane Driver drives in right and center

and drives car into left lane; car lanes

is last in a string

At least 35 min Car under automated control Driver drives in right and center

lanes

About 1 min AHS drives car into center lane Driver drives in right and center

and releases control to driver lanes

About 9 min Driver drives in center and right Driver drives in right and center

Late data-collection lanes lanes

period

a Minutes O through 5 were for driver practice; no data were analyzed for that time period.

In the final portion of the journey, the late data-collection period, driving-performance data were

again collected. For the drivers in the experimental groups, these post-AHS driving-performance

data were collected from the time that complete control of the simulator vehicle had been trans-

ferred from the AHS back to the driver. This transfer of control began approximately 10 min be-

fore the end of the trial and took approximately 60s to complete. So, for the drivers in the exper-

imental groups, the late data-collection period was approximately 9 rnin long. For the drivers in

the control group, the second data-collection period began at the beginning of the 52nd minute

and ended at the end of the 60th minute.

DRIVING SITUATION

.

The driving situation for the combined experiment can be described using the taxonomy of inter-

actions between the driver and the AHS developed by Bloomfleld et al.(l J Each driver drove in

dry weather conditions, at midday, on a three-lane expressway. The route was 96.6 km (60 mi)
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long. A map of this route is presented in appendix 1. It contained 12 left curves and 8 right

curves, all of which were 1.57-rad (90°) constant-radius curves. The radius of each curve was

762.5 m (2500 ft) and the superelevation was 0.04. The left lane was automated, the center and

right lanes were unautomated, there was no transition lane, and there were no barriers between

the automated and unautomated lanes. The lane widths were the current recommended minimum

3.7-m (12-ft) expressway width, and a standard road surface was used.

All the automated vehicles involved in the experiment were directly controlled by the AHS.

When the driver’s vehicle was under AHS control, the vehicle’s steering wheel reflected the

steering input from the AHS, the accelerator pedal reflected the throttle control by the AHS, and

the brake pedal was disconnected.

The posted speed limit in the unautomated lanes was 88.6 km/h (55 mi/h). In the center and right

lanes, the average velocity of the unautomated vehicles was 88.6 kmlh (55 m.i/h). The trtilc

density in the unautomated lanes was 12.42 v/krn/in (20 v/mi/ln). This traffic density level is

close to the upper boundary of the Transportation Research Board Level of Service B

(LOS B).flo) At this density, trafllc flow is stable but the presence of other vehicles is noticeable

and there is a slight decline in the freedom to maneuver the mean headway time for vehicles in

the unautomated lanes was 3.3 s. mote: Mean headway time is the difference in arrival time of

two consecutive vehicles at a particular observation point on the highway. It includes both the

length of the f~st vehicle and the gap between it and the following vehicle.] The distribution of

the velocities of the unautomated vehicles was normal, while a Pearson Type III distribution was

used to generate the time headways. The method used to generate vehicles in this experiment is

described in detail by Blootileld et al.(l) The parameters used in the equations, defining both

the normal distribution of velocities and the Pearson Type III distribution were derived using the

procedure described by May and using the data providedbyMay.(11112)

For the drivers who were in the experimental groups, in the f~st portion of the trial the driver

controlled the simulator vehicle, driving for at least 15 rnin in the right and center lanes of the

expressway. After this, control of the vehicle was transferred to the AHS. Then, in the second

portion of the trial, which lasted at least 35 rnin, the driver’s vehicle was under automated

control, traveling most of that time in the AHS (left) lane. During this portion of the trial, each

driver was able to use a laptop computer that provided various types of information, including

the current location of the vehicle, the trafi3c conditions ahead, the estimated travel time to the

destination, and the next exit and the distance to it (more details of this aspect of the combined

experiment are given by Levitan and Blootileld(’)). Then, in the third section of the trial, the
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drivers in the experimental groups again controlled the vehicle, this time driving for approxi-

mately 10 tin in the center and right lanes.

For the drivers who were in the control group, there was no way to differentiate among the three

portions of the trial. As far as these drivers were concerned, they simply drove in the expressway

for 1 h. However, driving-performance data were obtained from these drivers early and late in

the trial, at times that corresponded to the times at which data were collected from the drivers in

the experimental groups, i.e., the first set of data were collected from the control-group drivers

between the beginning of the 6th minute and the end of the 15th minute of the trial, while the

second set of data were collected between the beginning of the 51st minute and the end of the

60th minute of the trial. -

A strip map that indicated all the exits that the driver could encounter by name (e.g., County

Road F) and number (e.g., Exit 24) was placed on the front passenger’s seat of the car for only

the experimental group. The distances between exits were not shown on the map. No instruc-

tions were given regarding the map, which is shown in appendix 1. The driver was free to use it

whenever he/she wished.

EXPERIMENTAL DESIGN

Four independent variables were investigated. The frost was a within-subjects variable that in-

volved comparing the driving-performance data that were obtained in two data-collection peri-

ods: one that occurred earl y in the trial, the other that occurred late in the trial. The second inde-

pendent variable, the age of the driver, was a between-subjects variable that could have affected

the driver’s performance in both data-collection periods. The remaining two variables were also

between-subjects variables. But, unlike the age of the driver, they could only affect driving per-

formance in the post-AHS segment of the trial. The reason for this was that the two variables,

the int.ra-string gap and the method of transferring control from the AHS back to the driver, were

not experienced by the driver until after he/she had traveled in the automated lane. Because of

this, it was not expected that the main effect of either of these variables would be statistically

significant. If either the intra-string gap or the control transfer method (described in the epony-

mous section below) had an effect, it was expected to be in an interaction with the pre- and post-

AHS variable.
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Data-collection period

Driving-performance data were collected in two data-collection periods: the f~st was a 9.5-rein

period that, for all drivers, began at the beginning of the sixth minute of the trial; tie second was

a 9.O-min period that, for the drivers in the experimental groups, began as soon as they regained

control after traveling in the automated lane, and ended 9.0 min later, and, for the drivers in the

control group, began at the beginning of the 52nd minute of the trial and finished at the end of

the 60th minute.

Age of the Driver

The 60 drivers who took part in the current experiment were from two age groups. The frost

group consisted of drivers between 25 and 34 years of age, while the drivers in the second group

were age 65 or older. There were 24 drivers in each group. To ensure that they represented the

populations from which they were drawn, both groups were balanced for gendec half of the

drivers in each group were male and half were female. In addition, to ensure that the ages of the

older drivers did not cluster around the lower limit for the group, 12 of them were between 65.

and 69 years of age and 12 were age 70 or older.

Intra-String Gap

After driving in the right and center lanes for approximately 15 tin, the driver transferred con-

trol of the simulator vehicle to the AHS. The transfer of control occurred while the vehicle was

in the center lane. The AI-H moved the vehicle into the automated lane, increased its velocity,

and positioned it at the end of the string of vehicles immediately ahead. After the driver’s car

had been under the control of the AHS for approximately 35 tin, control was transferred back to

the driver. Before relinquishing control, the AHS detached the simulator vehicle from the string

of vehicles, by decreasing its velocity, and moved it into the center lane. Except during these

two transitions, the driver’s vehicle was in the automated lane, as the last vehicle in a string,
. throughout the period of time it was controlled by the AI-IS. The distance between the front

bumper of the driver’s car and the back bumper of the vehicle ahead took one of two values: for

half of the drivers, this distance, the intra-string gap, was 0.0625s (this was the smallest intra-

string gap that was used in the stage I experiments); for the other half of the drivers, the

intra-string gap was, at 0.0344s, even shorter. Since the designated AHS velocity was

104.7 km/h (65 rnih), the distance between the driver’s car and the vehicle ahead was 1.8 m
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(6.0 ft) when the intra-string gap was 0.0625s, and 1.0 m (3.3 ft) when the intra-string gap was

0.0344 s.

Control-Transfer Method

After traveling under automated control for at least 35 rein, control of the simulator vehicle was

transfemed back to the driver. While the vehicle was still in the automated lane, the AHS noti-

fied the driver that the vehicle would leave the automated lane in 30s. After 30s had passed and

a suitable gap occurred between two unautomated vehicles in the center lane, the AHS reduced

the speed of the vehicle to 88.6 km/h (55 mi/h), detached it from the string of vehicles, and

moved the vehicle into the center lane. Once the vehicle was in the center lane, the AHS in-

formed the driver how to take control of the vehicle in one of three ways:

“ Sueed first. With this method, the AHS first issued a message instructing the driver

to take control of the speed of the vehicle by pressing down the brake or accelerator.

Then, when the driver had control of the speed, the AHS issued a second message,

which instructed the driver to take control of the steering by taking hold of the steer-

ing wheel. As soon as the driver was holding the steering wheel, the AHS issued a

third message stating that the driver now had full control of the vehicle. If the driver

failed to take control of either function within 15 s after the message was issued, the

message was repeated. If the driver failed to take control of the function within 15s

of the third instance of the message, the simulation was stopped and the experiment

ended.

c Steering fust. With this method, the AHS f~st issued a message instructing the driver

to take control of the steering by taking hold of the steering wheel. As soon as the

driver was holding the steering wheel, the AHS issued a second message that in-

structed the driver to take control of the speed by pressing down the brake or accel-

erator. When the driver pressed the brake or accelerator, the AHS issued a third mes-

sage stating that the driver now had fill control of the vehicle. If the driver failed to

take control of either function within 15s after the message was issued, the message

was repeated. If the driver failed to take control of the function within 15 s of the

third instance of the message, the simulation was stopped and the experiment ended at

that point.
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“ Speed and steering simultaneously. With this method, the AHS issued a message in-

structing the driver to take full control of the vehicle by holding the steering wheel

and then pressing down the brake or accelerator. As soon as the driver had taken both

of these actions, the AHS issued another message, which stated that the driver now

had full control of the vehicle. If the driver failed to take control within 15 s after the

message was issued, the message was repeated. Then, if the driver failed to take con-

trol within 15 s of the third instance of message, the simulation was stopped and the

experiment ended at that point.

With all three methods, the system provided the opportunity for the driver to take control, but

control was not released until the driver actively took control. The simulation was not stopped

for any subject for failing to take control of the car.

Assignment of Drivers and Treatment of the Control Group

To determine the effects of 4 independent variables using 48 drivers, it was necessary to conduct

2 separate sets of analyses. Both sets used the same data, each analyzing the effects of three of

the variables while collapsing the data across the fourth. Two of the variables were common to

both sets of analyses. The data obtained in the early and late data-collection periods were com-

pared and the effects of the age of the driver were explored by both sets.

In addition, the fwst set of analyses investigated the effects of varying the intra-string gap

(collapsing the data across the methods of transferring control). If any analysis in this f~st set

were to indicate that there was a statistically significant intra-string gap effect, this could be for

one of two reasons: because there was, in fact, a difference in the performance of the drivers in

the two intra-string-gap conditions, or because there was a difference in performance between the

drivers who were in the control group and the experimental-group drivers (who experienced the

different intra-string gaps).

The second set of analyses investigated the effect of varying the method of transferring control

back to the driver (collapsing the data across the intra-string gaps). If any analysis in this second

set were to indicate that there was a statistically significant effect of the method of transferring

control, this, too, could be for one of two reasons: because there were, in fact, differences in the

performance of the drivers in the three control-transfer-method conditions, or because there was

a difference in performance between the drivers who were in the control group and those who

were in the experimental group (and had experienced the different transfer methods).
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For the analysis investigating the effect of varying the intra-string gap, the 48 drivers who took

part in the experiment were divided into the 6 groups shown in table 3. Nine drivers were as-

signed to each of the four combinations of driver’s age and intra-string gap, while there were six

older and six younger drivers who were controls.

Table 3. Number of drivers for each combination of intra-string gap and the age of the driver.

Driver Age

Intra-String Gap 25 Through 34 65 and Older

0.0344 s 9 9

0.0625 S 9 9

Control Group 6 6

For the second analysis, the 48 drivers were divided into the 8 groups shown in table 4. There

were six drivers for each combination of driver’s age and method of transferring control, as well

as the six older and six younger drivers who were controls.

Table 4. Number of drivers in each combination of method of transfer and the age of the driver.

Driver Age

Control Transfer Method 25 Through 34 65 and Older

Speed First 6 6

Steering First 6 6

Speed and Steering Together 6 6

I Control Group 6 I 6 I

The combination of intra-string gap and method of transferring control experienced by each of

the 48 drivers is shown in appendix 2.
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EXPERIMENTAL PROCEDURE

The combined experiment was divided into two sessions. In the fwst session, the drivers watched

an introductory videotape, drove for one experimental trial in the Iowa Driving Simulator, and

filled out a questionnaire. In the second session of the experiment, the driver’s visual capabilities

were assessed.

Introduction, Training, and Practice Procedure

Before the start of the experiment, each driver watched a videotape containing introductory mate-

rial describing this research program and the AHS, and providing some interactive practice with

the AHS interface and protocol. The driver was told that the experiment involved first driving in

the simulator and then completing several vision tests and a questionnaire. The driver was in-

formed that this experiment is part of an ongoing FHWA program that is exploring ways of de-

signing an AHS, determining how it might work, and how well drivers would handle their vehi-

cles in such a system. It was made clear that the experiment was a test of the AHS, not a test of

the driver. The video then gave explanations of the subtasks for the experiment and provided de-

tails to the drivers on how to:

“ Transfer control of the vehicle to the AHS on entering the automated lane.

“ Obtain information about their journey using the laptop computer mounted in the

vehicle.

“ Regain control back from the AHS on leaving the automated lane.

Four different versions of this training video were prepared: one version for each of the three

different methods of transferring control from the AI-H back to the driver at the end of the auto-

mated section of the drive, and one version for the control-group drivers who did not experience

automated travel. The narrations of these four versions of the training videos are presented in

appendix 3.
.

The instructional section of the three videos prepared for the drivers who were to travel in the au-

tomated lane lasted 10 min. The fourth version of the video, produced for the drivers in the con-

trol group, required less detail and was 3 min in length. When the videos were presented to the

drivers, who were seated in a driving buck, the volume was adjusted so that the AHS messages

were precisely as loud in the video as they would be in the simulator vehicle. Before the training

video was presented, the drivers were told to pay particular attention to the auditory messages, as
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they would be exactly what would be heard in the vehicle. Then, after the training video was

complete, the driver was asked:

“Did you have any difficulty hearing any of those messages?’

This procedure was adopted to ensure that each driver would be able to hear the messages when

they were presented during the experimental trial.

After the instructional section of the videos, each version continued with a series of practice seg-

ments. The first of these segments contained subtask practices that dealt with transferring con-

trol to the AHS, using the laptop computer to obtain information about the drive, and transferring

control back from the AHS to the driver. An example of a subtask would be pressing the brake

pedal or accelerator pedal in response to a request from the AHS. There were three practice seg-

ments for each of these subtasks. If the driver responded correctly on the fwst two segments, the

third was omitted. If the driver did not respond correctly twice in a row for a particular subtask,

the three segments were repeated until the driver was able to accomplish this. Following the sub-

task practices, the videos concluded with three more segments that covered the whole task for the

driver. As before, if the driver responded correctly on the first two trials, the third was omitted,

and if more than three trials were required, the segments were repeated.

Pre-Experixnental Simulator Procedure

The driver was taken to the Iowa Driving Simulator and seated in the driver’s seat of the simula-

tor vehicle. The driver was asked to put on the seat belt and adjust the seat and mirrors, and then

was given instructions on how to use the simulator emergency button. The driver was made

aware that the headlights of the vehicle were already switched on, and that the air conditioner,

dome lights, turn signal, and radio were operational. The driver was told that, if for any reason

he/she wanted to stop at any time during the drive, to simply say so and the operator would stop

the simulation.

Experimental Procedure and Instructions I

Each driver drove the simulator vehicle for one extended trial that lasted approximately 1 h. At

the beginning of the trial, the vehicle was parked on a freeway entrance ramp. The driver was in-

structed to drive into the right lane of traflic on the three-lane expressway. The driver then drove

in the right lane and the center lanes for at least 15 min. The density of the tral%c in these two

lanes was 12.42 v/km/in (20 v/mi/ln).
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For the sake of completeness, the instructions description indicates places where noncompliance

would have led to termination of the experiment for that subject. No subject was terminated for

failing to comply with instructions.

The driver was told that the left lane was resemed for automated vehicles, and that if he/she

drove into it, the following auditory warning would be heard:

“You’ve entered the left lane. You’re not authorized to be in the left lane. Return to the

center lane immediately.”

At 14.5 rnin after the start of the trial, in order to prepare for entry into the AHS, the driver re-

ceived one of two auditory messages: one was given if the driver’s vehicle was in the right lane,

the other if it was in the center lane. If the driver was in the right lane, the message was as

follows:

“Please move to the center lane and, when you get there, wait for further instructions.”

~t is to be noted that a tone preceded each presentation by the AHS of an auditory verbal mes-

sage, and whenever an auditory message was presented by the AHS, the car’s radio speaker was

silenced during the entire time the message was being presented.]

Then, as soon as the driver moved to the center lane, the following message was presented:

“Please remain in the center lane and wait for further instructions.”

If the driver did not comply with this message within 10s, it was repeated; if the driver did not

comply with the message after three presentations, the following message was presented and the

experiment ended:

“Please pull over to the right shoulder and stop.”

If the driver was already in the center lane 14.5 min after the start of the trial, the AHS issued the

following message:

“Please remain in the center lane and wait for fhrther instructions.”

If the driver did not comply, and left the center lane, the following message was presented:

“Please move to the center lane and, when you get there, wait for further instructions.”

19



If the driver did not comply with this message within 10s, it was repeated; if the driver did not

comply with the message after three presentations, the following message was presented and the

experiment ended:

“Please pull over to the right shoulder and stop.”

When the driver’s vehicle was in the center lane at least 15 tin after the start of the trial, the

AHS presented the following message:

“To engage the automated system, push the On button now.”

If the driver complied, by pressing the On button on the steering wheel, the following message

was presented in an auditory manne~

“Welcome to the Automated Highway System. Your vehicle is now controlled by the au-

tomated system. You will enter the automated lane in a moment.”

If the driver did not press the On button, the message was repeated twice at 10-s intervals. If the

driver still failed to comply 5s after the second repetition, the driver was instructed by the AHS

to pull over to the right shoulder and stop, and the experiment ended.

Throughout the preautomated portion of the trial, the simulator vehicle remained under the con-

trol of the driver.

AHS Experience

As soon as the driver pressed the On button, the AHS took full control of the simulator vehicle

and drove it into the automated lane. It entered the lane between two strings of automated ve-

hicles. Once in there, the AHS increased the velocity of the driver’s car until it caught up to the

string ahead. It then joined that string as the last vehicle.

A laptop computer located to the driver’s right was automatically activated when the vehicle en-

tered the automated lane. The driver, who was trained how to use the computer and what infor-

mation was available on it, was able to use this computer to obtain various types of information

(i.e., current location, traffic conditions ahead, the estimated travel time to the destination, and

the next exit and distance to it) while the vehicle was in the automated lane (see the report by

Levitan and Bloomfield for more details of this aspect of the combined experiment).t7J The

simulator vehicle traveled under automated control for at least 35 min. It remained the last
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vehicle in the string throughout this period of time. The computer was automatically turned off

at the end of the period of automated travel.

Experimental Procedure and Instructions II

For the sake of completeness, the instructions description indicates places where noncompliance

would have led to termination of the experiment for that subject. No subject was terminated for

failing to comply with instructions.

After traveling under the automated control for at least 35 tin, control of the simulator vehicle

was transferred back to the driver. While the vehicle was still in the automated lane, the AHS

used the following message to notify the driver that the vehicle would leave the automated lane:

“You will leave the automated lane in 30 seconds. Once in the center lane, you will be

asked to resume control of your vehicle.”

Then, when a suitable gap occurred between two unautomated vehicles in the center lane, the

AHS reduced the speed of the vehicle from 104.7 km/h (65 mi/h) to 88.6 km/h (55 mi/h), de-

tached it from the string of vehicles, and moved the vehicle out of the automated lane. Once the

vehicle was in the center lane, the AHS informed the driver how to take control of the vehicle in

one of three ways. The fwst method was to regain control of the speed of the vehicle fret, then

the steering. Twelve drivers regained control of the vehicle in this way. The transfer of control

from the AHS to the these drivers began when they heard the following message:

“To regain control of the speed, press the accelerator or brake pedal.”

When the driver had pressed the brake or accelerator and regained control of the speed, the AHS

issued a second message:

“You now control

steering wheel.”

As soon as the driver was

the speed. To regain control of the steering, put your hands on the

holding the steering wheel, the AHS issued a third message stating:

“You now have complete control of your vehicle.”
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If the driver failed to take control of either function within 5 s of the message being issued, the

message was repeated. If the driver failed to take control of the function within 5 s of the third

instance of either message, the simulation was stopped and the experiment ended at that point.

The second method was to regain control of the steering first, then the speed. There were also

drivers who regained control of the vehicle this way. The transfer of control from the AHS to

these drivers began when they heard the following message:

‘To regain control of the steering, put your hands on the steering wheel.”

12

When the driver had put his/her hands on the steering wheel, and regained control of the steering,

the AHS issued a second message:

“You now control the steering. To regain control of the speed, press the accelerator or

brake pedal.”

As soon as the driver had taken control of the speed as well as the steering, the AHS issued a

third message stating:

“You now have complete control of your vehicle.”

If the driver failed to take control of either function within 5 s of the message being issued, the

message was repeated. If the driver failed to take control of the function within 5 s of the third

instance of either message, the simulation was stopped and the experiment ended at that point.

The third method was to regain control of the speed and steering simultaneously. As with the

other 2 control transfer methods, 12 drivers regained control of the vehicle this way. The transfer

of control from the AHS to these drivers began when they heard the following message:

‘To regain control of the vehicle, put your hands on the steering wheel and press the

accelerator or brake pedal.”

As soon as the driver had complied with both requirements-holding the steering wheel while

pressing either the accelerator or the brake pedal-the AHS issued this message:

“You now have complete control of your vehicle.”
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If the driver failed to take control within 5 s of the message being issued, the message was re-

peated. Then, if the driver failed to take control within 5 s of the third instance of the message,

the simulation was stopped and the experiment ended at that point.

After regaining control of the vehicle in one of these three ways, the driver continued driving in

the unautomated lanes for approximately 10 tin, until the end of the drive.

Control Group

Each driver in the control group was informed that there was an automated lane, that he/she was

not supposed to drive in it, and that if he/she did try to move into that lane a warning message

would be issued. The driver was also told that the speed limit in these lanes was 55 mi/h.

Post-Experimental Procedure

After completing the trial, the driver returned to the subject preparation room. Once there, the

driver was debriefed and asked to complete a questionnaire that contained questions dealing with

the driving simulator, his/her drive in the simulator vehicle, the laptop information, and the AHS.

There were four different versions of the questiomaire, one for each method of control transfer

and one for control subjects. Copies of these questionnaires are presented in appendix 4. The

first part of the experiment ended here.

The visuaJ capabilities of the driver were assessed in the second part of the experiment. This was

done simply to see whether any subject had an anomaly that would warrant taking a closer look

at his/her data. Most of the drivers who participated in the experiment took a 5-rein break before

the second part of the experiment. A few drivers were unable to complete the visual testing on

the same day, and they returned on a later date to complete it.

Vision testing was divided into two sections. In the f~st section, a standard set of vision tests

was administered: far foveal acuity, near fovea.1 acuity, stereo depth perception, color deficien-

cies, lateral misalignment, and vertical misalignment. In the second section, the spatial localiza-

tion perimeter developed by Wall was used to determine the subject’s reaction time and accuracy

when detecting both static and dynamic peripheral stimuli.tls)
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